The use of liposomes for drug delivery began early in the history of pharmaceutical nanocarriers. These nanosized, lipid bilayered vesicles have become popular as drug delivery systems owing to their efficiency, biocompatibility, nonimmunogenicity, enhanced solubility of chemotherapeutic agents and their ability to encapsulate a wide array of drugs. Passive and ligand-mediated active targeting promote tumor specificity with diminished adverse off-target effects. The current field of liposomes focuses on both clinical and diagnostic applications. Recent efforts have concentrated on the development of multifunctional liposomes that target cells and cellular organelles with a single delivery system. This review discusses the recent advances in liposome research in tumor targeting.
actively targeting the liposomes to a tumor site, intracellular delivery followed by organellespecific targeting and triggered release of therapeutic payloads utilizing pathological differences in the tumor's microenvironment. The current review outlines the recent developments in the strategies employed to improve currently existing liposomal systems.
Strategies for liposomal targeting to tumors
Various strategies have been adopted for targeting liposomes to the tumor sites [1, [3] [4] [5] [6] . Here, we outline the recent advances in the strategies for liposomal targeting with emphasis on spontaneous/passive targeting and active targeting via liposomal surface functionalization to recognize various extracellularly overexpressed biomarkers, and on local stimulitriggered release of a therapeutic payload.
Passive targeting
Owing to the leaky nature of the tumor-associated blood vessels, biomacromolecules and nanosized drug delivery systems readily translocate across the capillary endothelium and enter the interstitial space. The size of the gaps between the endothelial cells lining the tumor capillaries ranges from 100 to 780 nm depending on the cancer type, as opposed to that in a typical normal endothelium of 5-10 nm [7] . In addition, solid tumors lack adequate lymphatic drainage. Therefore, there is limited circulatory recovery of the extravasated molecules, resulting in the accumulation of macromolecules and nanoparticles in the tumor microenvironment. This well-established phenomenon that leads to a nanopreparation's accumulation in the tumor microenvironment has been termed the enhanced ( Figure 2 ) [8] [9] [10] [11] [12] . Utilization of the EPR effect is an effective strategy for targeting nanopreparations, such as liposomes, to the site of a tumor. Unlike liposomes and other nanoparticles, lowmolecular-weight drugs are not retained in the tumor site for a longer period of time since they re-enter the circulation primarily via diffusion. Targeting of these drugs relies solely on the pathophysiological properties of the tumor tissues, and is referred to as `passive drug targeting' [8, 13, 14] .
Prolonged systemic circulation allows longer interaction of liposomes with the target because the higher number of passages of blood through the target enhances the EPR effect [15] . Longevity in blood is achieved by coating the liposomes with polymers, such as PEG, which efficiently hides them from uptake by the reticuloendothelial system (RES) [14] . PEG is usually added on the surface of liposomes to create a `steric stabilization' effect. PEG molecules form a protective hydrophilic layer on the surface of the liposomes that prevents their aggregation and interaction with the blood components [16] . The mechanisms by which PEG prevents opsonization include shielding of the surface charge, enhancing the repulsive interaction between polymer-coated liposomes and blood components, increasing surface hydrophilicity and forming a polymeric layer over the liposome surface to render them impermeable to large molecules or opsonins even at relatively low polymer concentrations [15] . As a result, grafting of PEG-like polymers on the surface of liposomes reduces uptake by the macrophages of the mononuclear phagocytic system and prolongs their circulation in the blood.
Another important parameter that impacts passive targeting through the EPR effect is the size of the liposomes. The accumulation of liposomes in the tumor strongly depends on the size of the endothelial gaps in the capillary vasculature for a particular cancer.
To utilize the EPR effect, the liposomes should usually be smaller than 400 nm in size [17] . The threshold vesicle size of approximately 400 nm has been reported for extravasation into tumors. However, more effective extravasation has been shown to occur with many particles <200 nm [18] .
The composition and charge on the surface of liposomes are other factors that influence passive targeting. Anionic or neutral liposomes escape from renal clearance [17] . Although the cationic liposomes have a tendency for localizing in newly formed tumor vessels, their positive surface charge leads to nonspecific interactions with the anionic species in the blood, resulting in rapid clearance from circulation by the RES, which reduces the EPR effect [19] . However, aggregation of liposomes increases with greater amounts of cationic lipids in the liposomal membrane. Still, an optimum surface modification with cationic lipids could significantly enhance tumor penetration.
Active targeting
In general, actively targeted liposomes are designed to minimize off-target effects. Actively targeted liposomal systems are prepared by conjugating targeting moieties, including smallmolecule ligands, peptides and monoclonal antibodies, on the liposomal surface [20, 21] . For example, certain receptors, such as folate and transferrin (Tf) receptors (TfR), are overexpressed on many cancer cells and have been used to make liposomes tumor cell specific [15, 21] . Liposomes that accumulate in the tumor microenvironment can be subsequently endocytosed into the cells by interacting with specific cell surface receptors [15, 22] . To efficiently target liposomes to cancer cells, it is necessary to link the targeting moiety in sufficient quantities to have optimum affinity for the cell surface receptors [21] . In the field of active targeting, the number of tumor-specific targeting ligands has greatly expanded [23] .
Targeting cancer cell surface receptors-Use of targeting ligands on liposomes, specific for cancer cell surface receptors is crucial considering that their involvement in the cellular uptake mechanisms may amplify the therapeutic response manifold. Attachment of liposomes to vascular cells via a noninternalizing epitope increases the extracellular drug concentration, increasing the amount of the drug delivered to the target cells [20] . The most common strategy to target overexpressed cell surface receptors on cancer cells is the use of receptor-specific ligands or antibodies [24] . Active targeting via cell surface receptor targeting has been explored widely in cancer since many cancer cell types display upregulation of tumor-specific receptors. For example, TfRs and folate receptors (FRs) are greatly overexpressed by many tumor cell types in response to their increased metabolic demand [23] .
Targeting FRs: Folic acid has recently been used as a targeting ligand for specialized drug delivery owing to its ease of conjugation to nanocarriers, its high affinity for FRs and the relatively low frequency of FRs, in normal tissues as compared with their overexpression in activated macrophages and cancer cells [25] . FRs are overexpressed in certain ovarian, breast, lung, colon, kidney and brain tumors [25, 26] .
Owing to the overexpression of FR on macrophages, which is an indication of inflammatory diseases, such as psoriasis, Crohn's disease, rheumatoid arthritis and atherosclerosis, folatemediated targeting can also be used to treat inflammatory disorders [26] . Folate-linked nanoparticles deliver their cargo intracellularly through receptor-mediated endocytosis [25, 26] . Intracellular trafficking can be directed to acidic compartments that facilitate drug release, and, most importantly, release of the drug can be altered or delayed until it reaches the cytoplasm or vicinity of target organelles to overcome the efflux associated with multidrug resistance pumps [26] . Delivery of imaging, diagnostic and therapeutic agents using folate-linked liposomes has proven that they are superior to nontargeted liposomes. The attachment of folate directly to the lipid head groups is unfavorable for intracellular delivery of folate-conjugated liposomes, since they do not efficiently bind to cells expressing FR. By contrast, folate attached to the liposomal surface by a PEG spacer arm enters cancer cells very efficiently [25] .
Several folate-conjugated liposomal systems have been reported for the delivery of various diagnostic and therapeutic agents to tumor cells overexpressing FR [25, [27] [28] [29] . Low et al. explored the activity of doxorubicin-loaded PEGylated liposomes by testing their toxicity against FR + tumor cells. The targeted liposomes demonstrated a 45-fold higher uptake than the nontargeted liposomes. Doxorubicin-mediated cytotoxicity was 85-times higher in targeted liposomes compared with unmodified plain liposomes [25] .
Glutathione (GSH)-conjugated folate has been conjugated to a PEGdistearoylphosphatidylethanolamine (DSPE) polymer and subsequently incorporated into the liposomal lipid bilayer. Folate-GSH-PEG-DSPE-modified liposomes were efficiently transported into FR + KB cells and exhibited higher cytotoxicity of a therapeutic payload of vincristine, compared with vincristine-loaded unmodified liposomes. The greater hydrophilicity imparted by the GSH moiety was suggested to impart better FR targeting [30] .
Watanabe et al. developed a novel conjugate of folate-poly(L-lysine) (PLL) and coated doxorubicin-loaded anionic liposomes composed of hydrogenated soybean phosphatidylcholine/ cholesterol/sodium cholesteryl sulfate with this conjugate [31] . Folate-PLL-coated liposomes had an increased association and an enhanced cytotoxicity against KB cells as compared with PLL-coated liposomes. The effect was abolished by preincubation of cells with free folic acid, suggesting the presence of FR-mediated endocytosis.
Folate-targeted cationic magnetoliposomes have also been prepared with coencapsulated doxorubicin and anionic superparamagnetic iron oxide nanoparticle (SPION) -Fe 2 O 3 cores. Comparison of uptake in two different cell lines, HeLa (with high FR expression) and ZR-75-1 (with low FR expression), showed increased uptake and surface binding in HeLa cells and no uptake in ZR-75-1 cells, indicating the significance of the folate moiety attached to these magnetic liposomes. Additionally, a threefold increase in doxorubicin release was achieved over a 2-h period when an alternating current was applied to the SPIONs [32] .
The strategy of targeting liposomes to FRs has also been used to improve gene delivery [33] . Duarte et al. have shown the potential of folate-conjugated liposomes in the form of lipoplexes for gene delivery [33] . Their potential usefulness was shown by their successful promotion of cell death and reduction of tumor growth in an animal model of oral cancer [33] .
Many other liposomal systems coupled to folate have been developed for the delivery of various drugs, including platinum-based carboplatin in an ovarian cancer model [34] , complexes of anionic liposomes and adenovirous vectors modified with folate-conjugated phosphatidyl ethanolamine for enhanced gene transduction [35] , folic acid-based liposomal systems coupled with the cell-penetrating peptide (CPP) TAT using paclitaxel as the chemotherapeutic agent [36] and delivery of zoledronic acid via folate-modified liposomes for enhanced uptake by FR-expressing cells [37] . All of these studies indicate the widespread usefulness of folate as a targeting moiety in liposomal drug delivery systems.
Targeting TfR: Tf, a monomeric serum glycoprotein of approximately 80 KDa, is involved in the transport of iron throughout the body [38] [39] [40] [41] . Tf binds to the TfR and translocates into cells via receptor-mediated endocytosis [38] . The expression of TfR is higher in tumor cells as compared with normal cells and is associated with the increased iron demand in rapidly proliferating cancer cells [38, 40] .
The overexpression of TfR in tumor tissues has led to the development of TfR-targeted anticancer therapy [42] . Li et al. used TfR-targeted stealth liposomes encapsulating doxorubicin to demonstrate that a TfR-targeted doxorubicin-loaded liposomal system improved the intracellular uptake, pharmacokinetic profile and bio-distribution of doxorubicin, and led to improved therapeutic efficacy against liver cancer [42] .
The work of Zhai et al. showed that Tf-targeted liposomes were an effective delivery system for the chemotherapeutic docetaxel, which has been used in the treatment of breast, colon, ovarian, head, neck and non-small-cell lung cancer [43] . In vitro studies indicated a 3.6-fold increase in the cytotoxicity of TfR-targeted liposomes in KB cells when compared with plain liposomes loaded with docetaxel.
TfR-targeted liposomes encapsulating boron compounds have been developed for boron neutron capture therapy for the treatment of malignant oral tumors [44, 45] . TfR targeting has also been proven to be effective for gene delivery [46] [47] [48] . Transfection of HeLa cells with Tf-N-(1-[2,3-dioleoyloxy]-propyl)-N, N, N-trimethylammonium methyl sulfate:1,2-dioleoyl-sn-glycero-3-phosphoethanolamine lipoplexes resulted in a sixfold enhancement of transgene activity. A similar effect was observed with several other cell lines [48] .
A TfR-targeted, proapoptotic factor and a lysosome destabilizing agent (a ceramideencapsulated liposomal formulation) was developed for delivery to lysosomes for induction of apoptosis via lysosomal membrane permeabilization [49] .
Multifunctional liposomes employing more than one targeting moiety such as CPP, along with Tf, have been widely studied [50] .
Sharma et al. developed a bifunctional liposomal system containing the combination of Tf and poly-L-arginine [50] . The system proved effective: the Tf-modified liposomes demonstrated tumor targeting and poly-L-arginine promoted cell penetration, leading to drug transport across the endothelium of the blood-brain barrier [50] .
Targeting EGFRs: EGFR, is a tyrosine kinase receptor belonging to the ErbB family of receptors that mediates cell growth, differentiation and repair in non-cancerous cells [51] . EGF is overexpressed in many solid tumors, including colorectal, non-small-cell lung cancer, squamous cell carcinoma of the ovary, kidney, head, pancreas, neck and prostate, and especially breast cancer, which makes it an attractive target for therapeutic drug delivery [17, 52] . In cancer cells, EGFR mediates several processes, including proliferation, angiogenesis and metastasis.
EGFR-targeted monoclonal antibodies linked to liposomal systems have been extensively studied for signs of improved active tumor targeting [51] [52] [53] [54] [55] . Such antibodies, attached to the surface of liposomes as targeting ligands, provide high specificity and have emerged as one of the most promising approaches for drug delivery. In a related study, cetuximab (an antibody against EGFR)-biotin liposomes demonstrated higher cytotoxicity for SKOV-3 cells compared with nontargeted biotin liposomes at a doxorubicin concentration of 10 mM. Targeted liposomes showed 22-to 38-times higher binding than the nontargeted ones on the SKOV-3 cells [51] . These findings indicate the potential of this strategy for the treatment of ovarian cancers.
HER-2 is often overexpressed in patients with breast cancer [17] . HER-2, encoded by the ERBB2 gene, has been one of the most common targets for immunoliposomes. It is over expressed in approximately 20% of breast cancers. HER-2 overexpression has been documented in several other types of cancers, including those of the lung, bladder, prostate, brain and stomach. Upon cellular association, the receptor-antibody complex is internalized by formation of an endosome for delivery to the cytoplasm [56] . Another study conducted by Chiu et al. explains the role of HER-2 targeting in a HER-2-overexpressing cell line and in a breast cancer model [58] . Trastuzumab was conjugated to a maleimide-PEG polymer to target HER-2 in a multivalent fashion. HER-2-targeted modified liposomes significantly downregulated the key survival molecule Akt in cancer cell lines compared with free or bivalent trastuzumab.
Receptor-mediated targeting faces several challenges, including ligand/target affinity, the quantity of receptors on the cell surface, and PEGylation acting as a barrier against interaction with receptors. The use of immuno liposomes enables the delivery of a large number of drug molecules with a few ligand molecules per liposome producing an extremely high drug:ligand ratio. Multivalent presentation of targeting molecules also helps to increase the uptake and signaling properties of antibody fragments. For immunoliposomes, the issue of ligand density also needs to be addressed [24] . High ligand densities on the liposomes have proven advantageous for increased binding to target cells. However, this has been difficult and expensive to achieve. With the use of whole antibodies as ligands, increased clearance of the immunoliposomes from the circulation has been observed owing to their high densities, resulting in decreased tumor localization. Early elimination of immunoliposomes from the circulation by macrophages has been overcome largely with the use of sterically stabilized liposomes and new technologies for linking ligands to the terminus of molecules such as PEG, which is anchored in the liposome bilayer [24] . It is clear that the active targeting strategies used to improve cellular uptake of liposomes are effected through internalization-prone cell surface receptors and the overexpression of these receptors on cancer cells ( Figure 3 ). Overall, increased intracellular delivery is responsible for the enhanced anti-tumor efficacy of actively targeted liposomes.
Targeting the tumor microenvironment-Targeting the tumor vasculature/ microenvironment has several advantages compared with the cell surface receptors for the following reasons: the barrier to the diffusion of liposomes through the tumor can be overcome by directly targeting the tumor vasculature; destruction of the vasculature diminishes or inhibits the growth and metastasis of the tumor; phenotypic variations of the neovascular endothelial cells can be curbed, which can prevent development of resistance; and the tumor vasculature is not specific for any cancer type [20] .
Targeting VEGF: Solid tumors induce the growth of new blood vessels that supply nutrients and oxygen. However, these newly formed blood vessels possess specific characteristics not observed in normal tissues, including excessive leakiness, extensive angiogenesis, impaired lymphatic drainage and increased expression of mediators of cell surface permeability. These differences can be exploited to develop antiangiogenic therapies for cancer [59, 60] . VEGF and its receptors are well-known proangiogenic molecules and are well-characterized targets for antiangiogenic therapy [61, 62] . Bevacizumab (Avastin®; Genentech, CA, USA), an antihuman VEGF monoclonal antibody approved by the US FDA as an anticancer drug, has shown efficient anti-tumor effects. Besides bevacizumab, many small-molecule inhibitors of receptor tyrosine kinases, such as VEGFRs or basic FGFRs, have been developed as anticancer agents [60] .
Chang et al. designed a method to select peptides that bind specifically to the tumor vasculature of human cancer xenografts [59] . Coupling these peptides to a liposome loaded with doxorubicin improved its efficacy against several types of human cancers xenografted on SCID mice. The neovasculature-specific phages, IVO-8 and IVO-24, specifically bound both tumor vessels of xenografts in animal models and the blood vessels of six types of human solid tumors. Coupling of the phage IVO peptides to the PEG terminus of stealth liposomes demonstrated that the phage IVO peptide-anchored liposomal doxorubicin improved therapeutic efficacy, increased cancer cell apoptosis and decreased tumor angiogenesis in mice, resulting in a decline in tumor growth [59] .
Katanasaka et al. utilized a tumor-homing peptide APRPG for the modification of the liposomal surface to render such liposomes specific for the angiogenic site [60] . SU1498, an inhibitor of VEGFRs, was successfully encapsulated into APRPG-PEG-modified liposomes. SU1498 inhibited VEGF-stimulated endothelial cell proliferation in vitro and significantly decreased tumor microvessel density in Colon26 NL-17 tumor-bearing mice, increasing their survival. These findings suggested that APRPG-PEG-modified liposomes effectively deliver SU1498 to angiogenic endothelial cells in tumors and, thus, inhibit tumor-induced angiogenesis.
Targeting VCAM: The vascular endothelium plays a key role in the pathogenesis of inflammation, thrombosis and atherosclerosis. During an inflammatory stimulus, various cell adhesion molecules (CAMs) expressed by endothelial cells play an important role in the recruitment of leukocytes from the circulat ing blood to the endothelium. Since CAMs are involved in inflammatory disorders including cancer, they represent a logical target for anticancer therapy. The CAMs are of the following types: E-and P-selectins, VCAM-1 and ICAMs. Among the CAMs, VCAM-1 is overexpressed in tumor vessels and is an attractive target for anticancer drug delivery. It is said to promote the binding between leukocytes and endothelial cells by binding to very late antigen-4 ( 4 1 integrin) expressed on activated leukocytes [63] .
Kang et al. demonstrated the possibility of delivery of anti-inflammatory drugs specifically to the endothelium after activation by an inflammatory stimulus [63] . Liposomes were surface functionalized with the Fab fragments against VCAM-1 and loaded with celecoxib, a selective COX-2 inhibitor. The antibody against VCAM-1 greatly enhanced the delivery of celecoxib to endothelial cells upon activation by TNF-, a well-known proinflammatory cytokine. In addition, the uptake of liposomes into HUVEC cells, whose VCAM-1 expression was significantly induced by a 4-h preincubation with TNF-, was greatly increased after incubation with anti-VCAM-1 and Fab -coupled liposomes, but not after incubation with conventional liposomes [63] .
Gosk et al. developed PEGylated immunoliposomes targeted to VCAM-1 [64] . These anti-VCAM-1 immunoliposomes bound specifically to activated endothelial cells in vitro and accumulated in tumor vessels in a time-dependent manner in vivo. No differences in the uptake of these immunoliposomes by the RES was observed [64] .
Targeting matrix metalloproteases: Matrix metalloproteases (MMPs) belong to the family of zinc-dependent endopeptidases, which are involved in tissue remodeling, tumor invasiveness, resistance to apoptosis and metastasis. The activity of the MMPs is regulated by their association with four MMP inhibitors called TIMP1-4, which determine the balance between tumor growth inhibition and metastasis [65] .
One major protein involved in the angiogenesis of tumor vessels is MT1-MMP, expressed on newly formed vessels and tumor tissues. The proteolytic activity of MT1-MMP cleaves proteins, such as fibronectin, elastin, collagen and laminin, at the plasma membrane and activates soluble MMPs, such as MMP-2, which degrades the matrix. An anti-tumor effect has been observed in tumor-bearing mice administered with inhibitors of the MMP family that are associated with suppressed angiogenesis [66] . In another study, Hatakeyama et al.
investigated the role of MT1-MMP in the suppression of angiogenesis [66] . Doxorubicinloaded, sterically modified liposomes were conjugated to a Fab fragment derived from antihuman MT1-MMP monoclonal antibody via a PEG spacer. Fab-conjugated liposomes showed enhanced cellular uptake by approximately fivefold, when compared with nontargeted liposomes. In addition, in vivo systemic administration of doxorubicin-loaded anti-MT1-MMP liposomes to tumor-bearing mice produced significant suppression of tumor growth compared with plain liposomes with doxorubicin [66] . In addition to targeting overexpressed MMPs for active tumor targeting, attempts have been undertaken to prepare MMP-sensitive liposomal systems that are degraded in the presence of elevated MMP levels to then release a therapeutic payload [67] .
Targeting -integrins:
Integrins, a group of transmembrane glycoprotein receptors, mediate attachment between a cell and its surrounding tissues or extracellular matrix. Integrins contain two distinct chains (heterodimers) called -and -subunits. Integrins, overexpressed in many tumors, play an important role in invasion and metastasis by facilitating adherance of the tumor cells to the endothelial lining of blood vessels of other organs and tissues. A tripeptide, RGD has a strong binding efficiency for integrins and has demon strated an inhibitory effect on the adhesion and angiogenesis of tumor cells [68] . The tumor tissue-specific expression of integrin receptors has been utilized for targeted delivery of drugs.
Chen et al. developed an integrin-targeted liposomal system for the delivery of doxorubicin.
A cyclic RGD was covalently coupled to the liposomes. The RGD-coupled liposomal system had a 2.5-fold higher cellular uptake of doxorubicin compared with the unmodified liposomes in the U87MG cell line. A competitive binding experiment indicated that the liposomes were internalized by an integrin receptor-mediated endocytic pathway [69] . Similar studies by other groups utilized schemes for targeting integrins with RGD peptideconjugated liposomes for the purpose of developing tumor-targeted delivery systems [68, 70, 71] .
Surface grafting of liposomes with aptamers: Aptamers are ssDNA or RNA oligonucleotides that impart high affinity and specific recognition of the target molecules by electrostatic interactions, hydrogen bonding and hydro phobic interactions as opposed to the Watson-Crick base pairing, which is typical for the bonding interactions of oligonucleotides. Surface functionalization of liposomes with aptamers has advantages over antibody grafting for the following reasons: aptamers demonstrate higher target antigen recognition compared with antibodies; aptamers are more stable and smaller in size compared with antibodies; aptamers can be easily synthesized and chemically modified for molecular conjugation; and aptamers can be changed in sequence for improved selectivity and can be developed to recognize poorly immunogenic targets [72, 73] .
A sgc8 aptamer-functionalized liposomal system developed for tumor-targeted drug delivery was selected based on its high affinity for leukemia CEM-CCRF cells. The aptamer was covalently linked to the liposomes by a PEG spacer. Within 30 min of cell incubation, aptamer-conjugated liposomes bound specifically with target cells and released a loaded small drug molecule [73] . A few other promising aptamer-based liposomal delivery systems have been developed for cancer-targeted drug delivery systems [74] [75] [76] .
Therefore, these liposomal systems are able to target various areas of the tumor using specific targeting ligands and circumvent some of the problems associated with multidrug resistance. An additional plus for the use of antibodies is the ability to achieve synergy between the signaling antibodies and chemotherapeutics, since two distinct techniques are being used to target the cells. Many of the ligands employed demonstrate a large overlap in their targets and, thus, could help provide synergistic anti-tumor effects. In addition, by combining properties of cell surface receptor targeting and tumor microenvironment targeting, an ideal liposome system could be built that helps intracellular delivery of the cargo while avoiding tumor cell metastasis.
Utilizing local stimuli strategies for enhanced drug release-A new active targeting strategy that utilizes subtle pathological changes in the tumor microenvironment has been extensively studied for improved efficiency of liposomal drug release [17] . The concept of stimuli sensitivity is based on certain characteristics of the tumor microenvironment, including a lower pH, higher temperature and overexpression of several proteolytic enzymes [15] . The stimuli-sensitive liposomes maintain their structure and physical properties throughout circulation. However, they are designed to undergo rapid changes (aggregation, disruption and permeability) that trigger drug release when exposed to a particular tumor microenvironment [10, 17, 77] . These stimuli can be either internal, such as at low pH, high temperature and enzymes/antigens at the tumor site, or can be externally applied and controlled for drug release. Here, we discuss stimuli-sensitive liposomes that utilize either internal stimuli that are characteristic for a tumor microenvironment or externally applied stimuli, such as magnetic fields, ultrasound or light, to target tumor tissues.
pH-triggered drug delivery: Although PEGylation of liposomes is a desired modification that enhances their longevity in the blood, the PEG chains sometimes act as barriers to intracellular delivery or release of drugs. In the case of endocytosis, the PEG brush may sometimes preclude the escape of liposomes from endosomes, allowing degradation of their contents. To circumvent this problem, labile linkages have been introduced between the hydrophilic PEG and the hydrophobic moiety, such as a lipid, which is cleaved only upon exposure to the relatively acidic conditions characteristic of the endocytic vacuole or the acidotic tumor mass. pH-sensitive copolymers can also be incorporated in the liposomes to provide shielding. Diortho esters, vinyl esters, cysteine-cleavable lipopolymers, double esters and hydrazones are a few examples of pH-sensitive bonds that are quite stable at pH 7.5, but are hydrolyzed relatively rapidly at pH 6 and below [15] . The pH-sensitive degradation of a liposomal carrier releases the entrapped payloads in tissues with a low pH, such as tumors, the cell cytoplasm or endosome (Figure 4) [17] . Liposomes made of pHsensitive components fuse with the endovacuolar membrane after endocytosis and subsequently release their contents into the cytoplasm under the action of low endosomal pH [15, 77] .
One such example is a long-circulating PEGylated pH-sensitive liposome, which combines features of PEGylation and pH sensitivity in the same system, with a terminally alkylated copolymer of N-isopropylacrylamide and methacrylic acid [15] . This copolymer facilitates liposomal destabilization and drug release in compartments with decreased pH values [15] . The most commonly studied ionic polymers for generation of pH-responsive liposomes include poly(methacrylic acid), poly(diethylaminoethyl methacrylate), poly(acrylamide) and poly(acrylic acid) [77] .
In addition to providing long circulation, the pH-sensitive PEG coating keeps specific functions temporarily `hidden' or `shielded', until cleaved in the low-pH environment to expose the previously hidden functionality. The work of Koren et al. involved a system based on the above concept of shielding/deshielding to expose a hidden, nonspecific CPP (TATp) on exposure to the low-pH characteristics of tumors [78] .
Temperature-triggered drug delivery: Many pathological areas, such as inflamed tissues and tumors, show a distinctive hyperthermia compared with normal tissues [17] . Utilizing this hyperthermia is an attractive strategy in cancer therapy since hyperthermia is associated with increased tumor permeability and enhanced drug uptake. This technique involves local heating of the tumor site to increase microvascular pore size and blood flow, which, in turn, results in an increased extravasation of drug-loaded nanocarriers.
Temperature-sensitive liposomes can be prepared from thermosensitive lipids or polymers with a low critical solution temperature. Above the low critical solution temperature (e.g., at a tumor site), the polymer precipitates, disrupting the liposomes to release the drug. Lipids with a specific gel-to-liquid phase transition temperature are used to prepare these liposomes [79] . The most commonly used lipid for thermosensitive liposomes is dipalmitoylphosphatidylcholine. Thermosensitive magnetoliposomes formulated with dipalmitoylphosphatidylcholine and cholesterol have been reported to release more than 80% of encapsulated methotrexate within 30 min when the temperature was raised from 37 to 41°C [77] . These liposomes retained approximately 60% of the drug at 37°C for up to 24 h. Formulation of liposomes with thermosensitive polymers can also facilitate the destabilization of liposomes followed by drug release. The most commonly used thermosensitive polymer is poly (N-isopropylacrylamide) [77, 79] . Another temperaturetriggered liposomal system, lysolipid temperature-sensitive liposomes (ThermoDox®; Celsion, NJ, USA) has also demonstrated improved efficacy for cancer-targeted drug delivery [80, 81] . This formulation is in Phase III clinical trials for the treatment of hepatocellular carcinoma and Phase II trials for breast cancer and colorectal liver metastases.
Redox-triggered drug delivery:
The difference in redox potential between normal and tumor tissues, and between the intra-and extra-cellular environments has been exploited for drug delivery in cancer [79] . For example, GSH is a reducing agent abundant in cells, especially in the cytosol, mitochondria and nucleus. The GSH concentrations in blood and extracellular matrix are just one out of 100 to one out of 1000 of the intracellular concentration, respectively. This high redox potential difference caused by GSH, cysteine and other reducing agents can break the reducible bonds, destabilize the liposomal system and release a payload. The disulfide bond has been popularly used as the cleavable/ reversible linker in liposomes, because it causes sensitivity to redox owing to the disulfideto-thiol reduction reaction [79] .
One such system has been reported by Goldenbogen et al., in which liposomes were made reduction sensitive by grafting two forms of disulfide-conjugated multifunctional lipid on to the surface of liposomes [82] . The cleavage of the disulfide bond was studied in vitro using tris(2-carboxyethyl)phosphine, dithiothreitol, L-cysteine or GSH, which cause removal of the hydrophilic head group of the conjugate and alter the membrane organization leading to the release of encapsulated molecules. Calcein release from reduction-sensitive liposomes containing a disulfide conjugate was reported to be more efficient than reduction-insensitive liposomes composed only of phospholipids [82] .
Enzyme-triggered drug delivery: Enzymes present in the tumor vasculature have been utilized as triggers to achieve site-specific drug delivery from stimuli-sensitive liposomes. Enzymes, including MMPs (e.g. MMP2), phospholipase A 2 , alkaline phosphatase, transglutaminase or phosphatidylinositol-specific phospholipase C, have been found to be overexpressed in tumor tissues. In the presence of these enzymes, specially engineered enzyme-sensitive liposomes are disrupted and release the encapsulated drug at the tumor site [77] . Another approach is the use of a linker cleaved off in the presence of overexpressed enzymes, exposing other hidden functionalities [17, 67] .
One such example is liposomes prepared by incorporation of a PEG-polyethylene (PE) copolymer containing a MMP2-cleavable octapeptide (Gly-Pro-Leu-Gly-Ile-Ala-Gly-Gln) linker between the lipid and long PEG chain [67] . This MMP-2-sensitive PEG chain provides steric shielding to the cell-penetrating TATp functionality, which is cleaved in the tumor microenvironment in the presence of higher concentrations of MMP-2. In addition, these liposomes were actively targeted to cancer cells using the antinucleosome antibody 2C5. The in vitro study demonstrated that the Gly-Pro-Leu-Gly-Ile-Ala-Gly-Gln octapeptide was cleaved off in the presence of high levels of MMP2, which removed the PEG cloud and exposed the surface-bound CPPs that subsequently enhanced cell penetration of the liposomes [67] . Similarly, a lipopeptide was synthesized by conjugating a MMP-9 substrate peptide to a fatty acid incorporated into the liposomes. These liposomes released their encapsulated contents in response to the elevated levels of MMP-9 [83] .
Light-triggered drug delivery:
Use of light for activation/inactivation of specific biochemical processes has been recognized as a promising tool for several biomedical applications. Activated light, made by adjustment of parameters such as wavelength, intensity, pulse duration and cycle, has been used extensively in biomedical research. Among visible light, UV and near-infrared light used in the clinic, near-infrared is the most desirable for tumor targeting, since it penetrates deep into tissues [79] . Photodynamic therapy has become a well-established tool for the treatment of superficial tumors, where photosensitizing agents, such as porphyrin derivatives, chlorins, phthalocyanines and porphycenes, are employed to sensitize and eradicate malignant cells. These agents generate radical oxygen species, which kill the targeted malignant tumor cells. Various light-sensitive lipids have been applied that facilitate phototriggered structural and conformational changes, which lead to direct interaction of liposomes with the target cells via membrane fusion, photo-isomerism, photofragmentation or photopolymerization [15, 79] .
Benzoporphyrin photosensitizer-encapsulated PEGylated liposomes, modified with a peptide (Ala-Pro-Arg-Pro-Gly) specific for angiogenic endothelial cells were used for tumor cell-specific targeting and resulted in higher tumor growth inhibition [79] .
Ultrasound-triggered drug delivery: Ultrasound-mediated drug delivery allows noninvasive penetration into deep tissues and can produce focused, controlled drug delivery [77] . This concept is based on the enhanced permeability of blood capillaries, generation of thermal energy and the destruction of cell membranes due to microconvection or inertia cavitation [77] . Ultrasound waves can induce both thermal and mechanical changes. Liposomes containing a small quantity of particular gases, including air or perfluorated hydrocarbon, were initially developed as an ultrasound contrast agent, but can be loaded with various drugs that are released after damage by an applied ultrasound treatment [4, 84] .
Low-frequency ultrasound (LFUS) has been used to trigger drug release from sterically stabilized liposomes without affecting the physicochemical properties of the drug. Mice bearing lymphomas treated with cisplatin-loaded sterically stabilized liposomes in combination with LFUS, showed very significant anti-tumor activity after intraperitoneal injection, as compared with control groups, those with free cisplatin with or without LFUS, LFUS alone, or cisplatin-loaded nano-SSL without LFUS. However, LFUS is only appropriate for superficial tumors. Local heating induced by high-intensity focused ultrasound has been considered ideal for deeper tumors [17, 77] .
Magnetic' drug delivery: `Magnetic' colloids can carry chemotherapeutic agents to target sites and maintain them at the site until the drug is completely released [77] . To use an external magnetic field for tumor targeting, liposomes are magnetized by incorporation of magnetites, such as Fe 3 O 4 or -Fe 2 O 3 , that are less than 10 nm in size [79] . These liposomes have biomedical applications such as magnetic hyperthermia, magnetic transfection, and manipulation of cells and proteins. Owing to their superior magnetic properties and nanoscale size, they are also referred to as SPIONs. One approach for targeted drug delivery by exposure to a magnetic field is the use of liposomes loaded with a drug plus a ferromagnetic material [4] .
SPIONs loaded with therapeutics and coated with both hydrophilic and hydrophobic materials can be encapsulated and delivered by liposomes. For example, magnetic nanoparticles coated with palmityl-nitro-L-3,4-dihydroxyphenylalanine have been successfully embedded in liposomal membranes. The magnetic nanoparticles significantly elevated the temperature of liposomal membranes during exposure to a high-frequency alternating magnetic field, which ruptured the liposomes and selectively released the encapsulated drugs [85] .
Methotrexate-and glutamic acid-chelated -Fe 2 O 3 have been successfully coloaded into the aqueous core of liposomes using a reverse phase evaporation method [79] . The resultant magnetic carrier significantly increased methotrexate accumulation by more than fivefold in the target tissue when exposed to a magnetic field compared with the same formulation without an external magnetic stimulus in a mouse model [79] .
In utilizing these strategies, the drug is released at the tissue level and can interact nonspecifically with neighboring cells. Therefore, drug penetration into the tumor cells may be limited due to their acquired resistance mechanisms. By contrast, targeting cell surface receptors may help overcome the resistance by receptor-mediated endocytosis when drug release is intracellular, allowing the drug to reach its subcellular targets. Thus, combinations of cell surface receptor target ing (cellular level) and triggered drug release (tissue level) could promote synergistic action.
Intracellular delivery
Once inside the tumor tissue, liposomes may need to cross the cell membrane barrier to deliver their cargo to the cytoplasm and exert their therapeutic effect through either passive or active targeting strategies. The site of drug action could be organelles and compartments such as the cytoplasm, nuclei, mitochondria, lysosomes or endoplasmic reticulum. Unlike small molecules that translocate through the cell membranes by diffusion, the nanocarriers, including liposomes and other macromolecular therapeutics, require energy-dependent endocytosis for cellular internalization. Since liposomes follow the endocytic pathway, they are entrapped in the endosomes (pH 6.5-6) and subsequently fuse with lysosomes (pH <5), where they undergo degradation that results in a lower therapeutic potential. Thus, overcoming the challenge of lysosomal degradation and effective delivery into the cytoplasm are important considerations that affect intracellular targeting.
Endosomal escape
Many attempts have been made to develop liposomes that promote cytosolic delivery of the payload by endosomal disruption. Although PEGylation increases longevity in the systemic circulation, it may diminish cellular uptake and further promote endosomal degradation of both the liposomes and their cargo [86] . The low endosomal pH has been taken advantage of to escape degradation by use of either fusogenic lipids or peptides, which destabilize the endosomal membrane after the conformational transition/activation at a lowered pH. Amines are protonated at an acidic pH and cause endosomal swelling and rupture by a buffer effect [86] . Unsaturated dioleoylphosphatidylethanolamine (DOPE) readily adopts an inverted hexagonal shape at a low pH, which causes fusion of liposomes to the endosomal membrane. This process destabilizes nanocarriers comprised of DOPE and releases the cargo into the cytoplasm [15] . Sasaki et al. demonstrated that Tf-PEG liposomes modified with two derivatives of the fusogenic lipid GALA, cholesteryl-GALA and PEG-GALA showed a highly efficient endosomal release (68%) of the entrapped sulforhodamine B dye that stained the cytoplasmic space extensively, indicating both GALA derivatives were necessary to induce the efficient release from endosomes [87] . Kullberg et al. attached a pore-forming protein listeriolysin O to HER-2-targeted bleomycin-loaded liposomes, and demonstrated greater cytotoxicity in vitro compared with the targeted bleomycin-loaded listeriolysin O-unmodified liposomes. The concentration of the drug needed to reduce tumor cell growth was approximately 57,000-fold less than if the drug was delivered extracellularly, indicating an endosomal escape mechanism [88] . Similarly, histidine-rich peptides have the ability to fuse with the endosomal membrane, resulting in pore formation, and can buffer the proton pump causing membrane lysis. This property can be used for modification of liposomes to escape endosomal degradation [89] .
Cell-penetrating peptides
CPPs facilitate uptake of macromolecules through cellular membranes and, thus, enhance the delivery of CPP-modified molecules inside the cell [15] . CPPs can be split into two classes: amphipathic helical peptides, such as transportan and MAP, where lysine residues are major contributors to the positive charge; and Arg-rich peptides, such as TATp, Antennapedia or penetratin.
TATp is a transcription-activating factor with 86 amino acids that contains a highly basic (two Lys and six Arg among nine residues) protein transduction domain, which brings about nuclear localization and RNA binding [90] . Other CPPs that have been used for the modification of liposomes include the following: the minimal protein transduction domain of Antennapedia, a Drosophilia homeoprotein, called penetratin, which is a 16-mer peptide (residues 43-58) present in the third helix of the homeodomain; a 27-amino acid-long chimeric CPP, containing the peptide sequence from the amino terminus of the neuropeptide galanin bound via the Lys residue, mastoparan, a wasp venom peptide; VP22, a major structural component of HSV-1 facilitating intracellular transport and transportan (18-mer) amphipathic model peptide that translocates plasma membranes of mast cells and endothelial cells by both energy-dependent and -independent mechanisms [91] . When liposomes are modified with these CPPs, their intracellular delivery proceeds via energydependent macropinocytosis followed by endosomal escape [15] . Our group demonstrated that attachment of octa-arginine onto the surface of bleomycin-or doxorubicin-loaded liposomes enhanced tumor growth inhibition [92, 93] .
UV-triggered CPPs involved adding a TATp-lipid conjugate, with the TATp-PEG 2000 -DSPE conjugate linked to a less stable single-chain hydrophobic group of 12 or 16 carbons, via a UV-cleavable linker. Furthermore, UV-dependent internalization of liposomes (a 15-fold increase in cellular association and internalization after irradiation) was not observed with an uncleavable linker [86] .
Organelle-specific targeting
Delivery of drugs or drug-loaded liposomes into the cytoplasm is frequently not enough to achieve a maximum therapeutic response. Cytoplasmic delivery and random interaction of liposomes with organelles results in elevated off-target effects. Delivery of drug-loaded liposomes directly to their `organelle of interest' enhances the therapeutic window and minimizes the degradation of the therapeutic cargo.
Along with being the cell powerhouse, mitochondria also store a suicidal trigger. Many cell death-associated signal transduction pathways are promoted through mitochondrion's action. They regulate apoptosis by trans locating apoptotic proteins from the mitochondrial intermediate space to the cytosol. Mitochondrial dysfunction has been linked to many of the hallmarks of cancer cells, including their limitless proliferative potential, impaired apoptosis, insensitivity to antigrowth signals, enhanced anabolism and decreased autophagy [94] . Mitochondria-targeted drug delivery systems have emerged as an extremely potent tool for cancer therapy. Significant efforts are being focused on the development of liposomes modified with mitochondria-targeting molecules [95] . Drug-loaded liposomes surface-functionalized with the triphenylphosphonium (TPP) moiety are effective in the delivery of cargo to mitochondria. TPP modified with a stearyl residue was anchored in the liposome and used to deliver ceramides to the mitochondria. Increased levels of ceramide caused cytochrome C release and initiation of apoptosis [96] . Subsequently, our group developed TPP-modified paclitaxel-loaded liposomes that exhibited a similar effect. However, they were free of cytotoxicity caused by the stearyl group in TPP modified with a stearyl residue, because TPP was attached to the lipid anchor via the PEG spacer group [97] . Another lipophilic cation, rhodamine 123, was used by Biswas et al. to develop paclitaxelloaded liposomes that exhibited good mitochondrial targeting and enhanced cytotoxicity [98] . A mitochondrial-targeting nanopreparation, MITO-Porter, developed by the Harashima group is a promising system for the delivery of both large and small molecules to mitochondria [99] . MITO-Porter is a liposome-based nanocarrier with a composition of DOPE/sphingomyelin/stearyl-octa-arginine (9:2:1) that delivers macromolecular cargos to the mitochondrial interior via membrane fusion. High-density octa-arginine on liposomes induces cell uptake and cytoplasmic delivery by macropinocytosis. Subsequently, the MITO-Porters translocate into the mitochondrial membrane through electrostatic interactions, inducing fusion with the mitochondrial membrane. The lipid composition of the MITO-Porter facilitates this fusion and release of its cargo within the mitochondria.
Lysosomes act as the digestive organelles in cells and process the breakdown of endocytosed cargo. The idea that lysosomes act largely as waste units has recently changed into the belief that they are a useful tool, with a role in cell-death mechanisms in cancer. The lysosomal cathepsins play a pivotal role in bone remodeling, epidermal homeostasis, prohormone processing, antigen presentation, maintenance of the CNS in mice, angiogenesis, cell death and cancer cell invasion, which makes it an attractive target for cancer therapy [100] . Koshkaryev et al. prepared fluorescein isothiocyanate-dextran-loaded lysosome-targeted liposomes surface modified with a lysosomotropic ligand, octadecyl rhodamine B. The modified liposomes successfully delivered the loaded cargo to lysosomes as observed through their colocalization with a lysosomal marker and a twofold higher fluorescence of the lysosome-enriched fractions treated with modified liposomes compared with unmodified ones was observed in HeLa cells [101] . Ceramides are useful tools in inducing lysosomal membrane permeabilization; futhermore, intracellular delivery of ceramides via Tf-conjugated liposomes enhanced apoptosis in vitro in HeLa cells and in vivo in an A2780 ovarian carcinoma xenograft mouse model [49] .
A unique strategy to develop liposomes targeting the nucleus is the nuclisome particles concept comprised of a two-step targeting strategy that aims to deliver short-range Augerelectron-emitting radionuclides to nuclear DNA of tumor cells [102] . Here, PEG-stabilized liposomes loaded with a unique DNA-intercalating compound were targeted to tumor cells to promote the delivery of radionuclides to DNA. This system has proven beneficial in eliminating tumor cells with minimum off-target effects. Similarly, efforts have been undertaken to target other organelles, such as the endoplasmic reticulum, of tumor cells for effective cancer therapy. These include the system designed by Pollock et al. to develop liposomes that could be trafficked directly to the endoplasmic reticulum, fuse with its membrane and deliver their cargo [103] .
Multifunctional liposomes for tumor targeting
Recent developments in the field of drug delivery emphasize building a system that simultaneously demonstrates more than one useful attribute of targeting in the same system [104] . Attaching more than one functional group to the surface of liposomes enhances their accumulation in pathological sites and promotes organelle-specific delivery [78] . These multifunctional systems are engineered in such a way that they either simultaneously or sequentially exhibit the following properties: longevity in blood; specifically target the tumor; respond to the local stimuli typical of the tumor microenvironment, including elevated temperature, decreased pH values and externally applied stimuli such as a magnetic field, heat or ultrasound; promote intracellular delivery of the cargo; and carry a contrast agent to demonstrate the pharmacokinetic profile of liposomes and their accumulation ( Figure 5 ) [104] [105] [106] .
Doxorubicin-loaded multifunctional liposomes developed by Koren et al. are described here as a prototype. The monoclonal antinucleosome antibody 2C5-attached PEG 3.4K -PE copolymer, TAT-PEG 1K -PE, and the pH-sensitive copolymer PEG 2K -hydrazone-PE were embedded in the liposomal lipid bilayer. PEG 2K -hydrazone-PE shielded TATp's functionality during circulation. Eventual degradation of the hydrazone bond in the lowered pH environment of the tumor cleaved the shielding and exposed the TATp functionality, which promoted intracellular delivery. Incubation of cells with multifunctional pH-sensitive liposomes, pretreated at pH 5.0 or 7.4 for 30 min showed a significant increase in cellular association for pH 5.0 (6.7-and 7.4-fold stronger for B16-F10 and MCF-7, respectively, against plain liposomes) compared with pH 7.4 (2.4-and 2.2-fold stronger binding for B16-F10 and MCF-7, respectively, against plain liposomes), suggesting that the TATp was exposed at pH 5.0. Immuno-Doxil® (Janssen Pharmaceuticals, NJ, USA) was observed to have enhanced cytotoxicity after it was pre-exposed to low pH, which was indicative of the effect of pH on removal of the shielding of TATp allowing exposure of the previously hidden TATp function [78] .
Conclusion & future perspective
The field of liposomal drug delivery systems has been growing based on its significant contribution to the improved pharmacokinetics of many poorly soluble drugs in cancertargeted therapies. Many liposomal candidates have shown great promise in the clinic, indicating broad potential for the therapeutic liposomal systems in the near future (Table 1) .
However, to ensure efficient development of drug-loaded liposomes, it is important to experimentally examine the drug retention and circulation properties of the system. Leakage of either hydrophilic or hydrophobic drugs from the liposomes is a crucial factor that needs special attention.
One method suggested to circumvent this problem is the development of a pH gradient technique to avoid the liposomal leakage of hydrophilic drugs such as adriamycin [107] . A pH gradient is considered to be the driving force for translocating and retaining the amphiphilic weak bases and acids. The presence of various ions (citrates, sulfates, divalent metal ions or others) inside the liposomes causes the drugs to precipitate, and these ions are used to create pH/ion gradients that lead to the formation of soluble precipitates. This helps to restore the osmolarity balance and reduce the apparent drug concentration in the vesicles, increasing its accumulation inside. The ammonium sulfate method is one of the most popular pH gradient methods used for amine encapsulation. The sulfate counter-ion stabilizes the anthracycline accumulation for a long duration and this salting-out effect enhances accumulation, leading to efficient encapsulation [107] . By contrast, hydrophobic drugs do not abide by this technique and other techniques have to be employed for them, indicating that there is no single universal method, and that each drug requires a different strategy to manage all of its properties. Such active loading strategies are extremely crucial in the advancements of liposome production, since a low drug-to-lipid ratio could hamper the liposomal activity.
Along with parameters concerning the encapsulation and stability of drugs, the active targeting strategies need careful consideration for production or scale-up of cancer therapeutics. A ligand used to modify liposomes should bind firmly to antigens that are selectively (over) expressed on tumor cells. Furthermore, these antigens should be present in sufficient quantities to induce an effect. Moreover, the over-modification of the ligand for the attachment to the liposomal surface could hinder its interaction with the target. In the case of PEGylated liposomes modified with various targeting ligands, the quantity of attached antibodies or peptides should not compromise the longevity too much [18] . Another parameter that poses a challenge in the development and testing of targeted liposomes is the complexity of tumor biology, apart from the size and stability of the liposomes. Alternatively, all the systems mentioned throughout the paper are promising yet quite complex, making them difficult to synthesize and scale-up by the pharmaceutical industry, since their manufacturing involves many different synthetic and purification steps [13] . These challenges are accompanied by increases in cost, complexity and batch-to-batch variance; thereby affecting their commercial attractiveness and clinical relevance.
To address the above mentioned issues, many newer systems that hold promise towards the development of liposomes in terms of their scalability and bulk properties are currently underway. One such technique is the combination of liposome-and polymer-based systems for sustained release of bioactive compounds [108] . This system demonstrates attractive properties of liposomal preparations, such as stability, sustained drug release over prolonged periods, improved viscosity and improved half-life for both the drugs and liposome. On the other hand, the polymeric component of the system helps to maintain and preserve drug efficacy and bioactivity. In spite of the tremendous progress with these systems, they still face challenges, including damage to the drug during production due to toxic organic solvents or high heat, insufficient initial release of drug-loaded liposomes due to lack of degradability of the polymer altering the release profiles and high overdose during the rapid degradation period of polymer.
Another example is multistage drug delivery systems called mesoporous silicon nanoparticles (MSNs), which are able to circumvent many of the biological barriers and maximize site-specific delivery and drug release [109] . The vascular journey of the MSNs was mathematically compartmentalized into three main areas: margination dynamics, firm adhesion and control of internalization. This compartmentalization helped to alter the kinetics of injectables along with minimizing RES uptake. Based on the same concept, Roggers et al. developed MSN covalently attached to dipalmitoyl moieties supporting a lipid bilayer with phosphorylated lipids (LB-MSNs). This system demonstrated controlled release of entrapped fluorescein molecules under reducing conditions of disulfide. Fluorescently labeled LB-MSNs demonstrated entry into normal and cancer cells; while the flow cytometry analysis confirmed their biocompatibility. This system has the ability to be functionalized with the desired properties, including a high degree of dispersibility, and the ability for rapid and diverse cell interaction layer functionalization. These particles were innocuous to the cells, and their biocompatibility could be adjusted by changing the composition of the cell interaction layer. Additionally, the system could release a model molecule, fluorescein, from the pores of LB-MSNs via a chemically triggered reduction of disulfide [110] . On similar lines, many other MSN systems have been developed that support the above inferences, such as the system developed by Cauda et al. for the delivery of colchicine, a drug deactivating the microtubule polymerization, into HuH7 liver cancer cells [111] . The multifunctional design of MSN systems offers next-generation nanocarriers combining features such as targetability of ligands and triggered responses that simulate molecular valves, when multicompartmentalized cargos are delivered to target cells [112, 113] .
Careful analysis of the challenges mentioned above, along with detailed understanding of the exact pathways and mechanisms by which these complicated multifunctional liposomal systems reach their target site and exert drug action at the cellular level, could help achieve a revolution in liposome applications in cancer. In addition, there remains an unmet need to identify additional novel biomarkers for various types of cancers, to be exploited to develop more efficacious tools for tumor targeting. These strategies should open up new possibilities for personalized cancer therapy for patients unresponsive or resistant to the established modes of treatment.
Recent developments in the field of drug delivery systems emphasize the need to build a system that simultaneously demonstrates more than one useful function for improving drug action.
These liposomes simultaneously or sequentially exhibit properties such as longevity in blood, specifically targeting the tumor site and responding to the local stimuli of the tumor site, such as elevated temperature or pH, to expose hidden functionalities. Liposomes can be specifically designed with multifunctionalities to respond to an externally applied magnetic field, heat or ultrasound for enhanced intracellular delivery of the loaded therapeutics. Hydrophilic and hydrophobic drugs encapsulated within a PEGylated liposome. Passive targeting via the enhanced permeability and retention effect. Surface receptor-mediated endocytosis. A multifunctional liposome for targeted drug delivery. Nanomedicine (Lond). Author manuscript; available in PMC 2014 July 01.
